OBJECTIVES: Scoliosis is associated with pectus excavatum. However, the change in the degree of scoliosis after pectus excavatum correction has not been clarified. This study examined how the correction of pectus excavatum influences the status of pre-existing scoliosis.
INTRODUCTION
Although pectus excavatum primarily affects the anterior part of the thorax, chest wall deformity in pectus excavatum is not limited to this region and also involves the lateral and posterior parts like the rib cage and spine. Consequently, its frequent association with scoliosis has been reported [1] [2] [3] [4] . Moreover, the minimally invasive repair of pectus excavatum [5] [6] [7] [8] has also been associated with acquired scoliosis [9, 10] . However, despite previous reports regarding the relationship between pectus excavatum and scoliosis, changes in the degree of scoliosis after the correction of pectus excavatum have not been clarified. Therefore, there is insufficient information regarding the proper management of pectus excavatum with concomitant scoliosis. The purpose of this study was to identify how the correction of pectus excavatum influences the status of pre-existing scoliosis.
MATERIALS AND METHODS
We performed a retrospective observational study involving 779 patients diagnosed with pectus excavatum who were operated with the pectus bar at Korea University Medical Center from January 2007 to February 2011. The Institutional Review Board of Korea University Anam Hospital approved this study and waived the requirement for informed consent.
Inclusion and exclusion criteria
Among the 779 pectus excavatum patients, 63 (8.09%) patients with concomitant scoliosis were included in the study. All patients underwent simple chest radiography and chest computed tomography (CT) pre-and postoperatively for the perioperative evaluation of pectus excavatum. Moreover, whole-spine anteroposterior radiography was performed pre-and postoperatively for the perioperative evaluation of scoliosis. The severities of chest and spinal deformities were measured. Patients with a preoperative Haller index >3.2 were regarded to have pectus excavatum [6, 11] , and those patients with a preoperative Cobb angle >10
were considered to have scoliosis [12] . Patients with congenital deformities of the spine such as hemivertebra and cerebral palsy or those with connective tissue disorders such as Marfan's syndrome were excluded from the study. Additionally, patients with incomplete perioperative data were excluded from the study.
Surgical procedure
Routine minimally invasive repair of pectus excavatum procedure [5] using 1 or 2 pectus bars (Walter Lorenz Surgical, Jacksonville, FL, USA) is performed under general anaesthesia. After deciding the size of the pectus bar by measuring the distance between the midaxillary points of each side, and marking the most depressed point at the anterior chest wall and the hinge points, the pectus bar is bent according to the curvature of the anterior chest wall, especially focusing on the most depressed point and the hinge points. The metal bar that has an appropriate shape for the morphologic type of the deformity is fixed to the chest wall. By elevating the most depressed points, the chest wall depressions are finally corrected to a symmetric shape regardless of its symmetry preoperatively.
Measurements
Using chest CT and simple chest and spine radiography, perioperative measurements regarding the severity and asymmetry of pectus excavatum and the severity of scoliosis were measured. The Haller index was defined as the ratio between the longest transverse length and the shortest vertical length of the chest cage in axial CT scans [13] . Sternal tilt degree was measured for the evaluation of the asymmetries of the chest wall deformities and was defined as the angle generated by the sternum and the line connecting the bilateral foramen of matched vertebra in axial CT scans (Fig. 1) . The degree of scoliosis was measured using the Cobb angle at the most tilted vertebra in the whole-spine anteroposterior radiograph (Fig. 2) .
Postoperative simple chest and spine radiography were performed after the removal of the pectus bar, and the Cobb angle was measured with whole-spine radiography, which was performed before the patient's discharge during that period. Postoperative chest CT was performed between 1 and 2 weeks after the insertion of pectus bar to confirm the proper location of the pectus bar and also the changes in chest wall deformity including postoperative Haller index and sternal tilt degree. The mean follow-up duration of the patients was 34.86 months.
In order to find out how scoliosis may change after chest wall correction, we evaluated the differences between the preoperative and postoperative Cobb angle by subtracting the preoperative Cobb angle from the postoperative Cobb angle. We named this factor as the 'postoperative change in Cobb angle'. Thus, if the scoliosis improved, meaning that the Cobb angle had decreased after chest wall correction, the postoperative change in Cobb angle would be a negative value. However, if the scoliosis worsened, meaning that the Cobb angle had increased after chest wall correction, the postoperative change in Cobb angle would be a positive value. Correlations between preoperative factors in patient characteristics such as Haller index, sternal tilt degree and Cobb angle and the postoperative change in scoliosis were analysed.
Patient groups
Patients were divided into 2 groups based on the postoperative change in the severity of scoliosis. The 'improved' group included those patients for whom scoliosis had improved after chest wall correction, with a negative postoperative change in the Cobb angle. The 'aggravated' group included patients for whom scoliosis has worsened after chest wall correction, with a positive postoperative change in the Cobb angle.
Additional information regarding perioperative patient characteristics and postoperative results such as age, sex, asymmetry, direction of scoliosis, use of multiple bars and bar duration were also evaluated and compared between the 2 groups.
Finally, considering that the preoperative Cobb angle acted as a significant factor for predicting the postoperative change in Cobb angle and that preoperative Cobb angle of 15 was the most accurate cut-off value to predict the postoperative positive/ negative change, we divided the patients into 2 groups of 'mild scoliosis' and 'moderate scoliosis'. 'Mild scoliosis' group was defined as those patients with a preoperative Cobb angle <15 . 'Moderate scoliosis' group was defined as those with a preoperative Cobb angle >15
. Then, we analysed and compared the postoperative changes in scoliosis for both groups.
Statistics
Continuous and binary variables of the 'improved' group and the 'aggravated' group such as age, sex, asymmetry, severity and direction of scoliosis, use of multiple bars and bar duration were analysed and compared. Pearson's correlation analysis was used for the evaluation of correlations. Univariable data analysis included independent sample t-tests or the Mann-Whitney test for quantitative variables and the v 2 test or Fisher's exact test for binary data. Multivariable analysis included multiple linear regression using the linear modelling. The postoperative change in the Cobb angle was selected as the dependent variable. Continuous variables such as age, preoperative Haller index, preoperative sternal tilt degree, preoperative Cobb angle, postoperative change in Haller index and postoperative change in sternal tilt degree were selected as independent variables. Additionally, to avoid the influence of other factors on the postoperative change in Cobb angle, multiple regression analysis for postoperative Cobb angle by adjusted preoperative Cobb angle was performed by including other factors such as age, sex and direction of scoliosis curvature. Data were analysed using IBM SPSS Statistics Version 20 (IBM SPSS Software, Armonk, NY, USA) to evaluate the correlations between preoperative factors and the postoperative change in Cobb angle. Data are reported as means ± standard errors of the mean. A value of P < 0.05 was considered statistically significant.
RESULTS
Among the 63 patients with pectus excavatum and concomitant scoliosis who underwent chest wall correction using the pectus bar, 41 (65.1%) patients were included in the 'improved' group, while the other 22 (34.9%) patients were included in the 'aggravated' group. The results of univariable analysis did not show any significant inter-group differences with respect to factors such as age, sex, asymmetry, direction of scoliosis, use of multiple bars or bar duration. However, the preoperative Cobb angle and the number of patients with advanced scoliosis (Cobb angle >15
) were significantly higher in the 'aggravated' group. The postoperative change in Cobb angle was also significantly different between the 2 groups (Table 1) .
Regarding the correlation between preoperative factors and the postoperative change in Cobb angle, the preoperative Cobb angle (r 2 = 0.594, P < 0.001) was the only factor among the preoperative factors showing a significant positive correlation with the postoperative change in Cobb angle. According to the results, a 1 increase in preoperative Cobb angle results in a 0.594 increase of the postoperative change in Cobb angle. Other preoperative factors such as age, sex, use of multiple bars or directions of scoliosis curvature had no significant correlation with the postoperative results of scoliosis after the chest wall correction ( Table 2) .
The preoperative and postoperative measurements related to the severity and asymmetry of pectus excavatum resulted as expected. The preoperative Haller index and the postoperative change in Haller index showed a high positive correlation, suggesting that the correction of chest wall deformity was successfully performed in most cases (r = 0.955, P < 0.001). And the preoperative sternal tilt degree also showed a positive but rather weaker correlation with the postoperative change in sternal tilt degree (r = 0.589, P < 0.001). Therefore, both the severity and asymmetry of the chest wall depression were positively corrected after the chest wall correction. However, no significant correlation was noted between the changes made to Haller index (r 2 = 0.120, P = 0.720), sternal tilt degree (r 2 = 0.085, P = 0.411) and Cobb angle during the chest wall correction.
In the analysis on the dot scattergram and the graph of C-statistics for predicting positive/negative change by preoperative Cobb angle as shown in Fig. 3A and B, the preoperative Cobb angle of 15 resulted as the relative point of whether the scoliosis would improve or worsen after the chest wall correction. The comparative analysis between the 2 groups of patients whose preoperative Cobb angle is >15 or <15 , the postoperative Cobb angle of 'moderate scoliosis' group (Cobb angle >15 ) increased, while the Cobb angle of 'mild scoliosis' group decreased (3.86 ± 5.56 vs -2.88 ± 3.04, P < 0.001). The results are shown in Table 3 and Fig. 4 .
DISCUSSION
Pectus excavatum and scoliosis are congenital disorders of the thoracic cage, and the rate of scoliosis association with pectus excavatum ranges from 15% to 22.58% [1, 2] . Chest wall correction using the pectus bar is considered the main surgical treatment, which improves not only the morphology of the chest wall but also the psychological well-being of patients with pectus excavatum [8, 14, 15] . Nevertheless, despite the successful results of chest wall correction from many previous reports, adverse effects on pre-existing scoliosis have also been reported [9, 10] . However, no large sample size study about the effects of chest wall correction on pre-existing scoliosis has been reported, and therefore, not enough information is available to paediatric physicians and surgeons dealing with chest wall deformity and scoliosis. Thus, in this study, we analysed the changes in patients with pectus excavatum and concomitant scoliosis before and after chest wall correction. We also evaluated factors that may affect scoliosis status after the chest wall correction.
According to our results, pre-existing scoliosis improved in 41 (65%) patients after correcting for chest wall deformity, while scoliosis was aggravated in 22 (34.9%) patients. Preoperative factors such as age, sex, direction of scoliosis, severity and asymmetry of pectus excavatum, use of multiple bars and the duration of bar placement did not influence the postoperative change of scoliosis. Only the preoperative degree of scoliosis represented by the Cobb angle had a significant influence on the results. Pre-existing scoliosis with a Cobb angle <15
showed a tendency to improve after chest wall correction, while scoliosis with a Cobb angle >15
showed a tendency to be aggravated postoperatively (Fig. 3A) . These results indicate that more precaution is needed regarding pre-existing scoliosis before performing chest wall correction for pectus excavatum. The postoperative change in the Cobb angle was selected as the dependent variable. And the continuous variables such as age, preoperative Haller index, preoperative sternal tilt degree and preoperative Cobb angle were selected as the independent variables. And to avoid the influence of other factors on the postoperative change in Cobb angle, additional factors such as sex, direction of scoliosis curvature and the use of multiple bars were also included as the independent variables in the multiple regression analysis. ), which are mostly located below 0, represent the 'improved' after pectus excavatum correction. This depicts that mild scoliosis improved, but moderate scoliosis was aggravated after pectus correction. (B) As shown in the graph, by increasing the preoperative Cobb angle by 0.1 from 10 to 20, the cut-off value of 14.8 resulted as the highest C-statistics value, which means that it is the most appropriate cut-off value for predicting the 'positive' and 'negative' change in scoliosis.
Previously, Nagasao et al. reported the correlation between asymmetry of pectus excavatum and postoperative change in scoliosis. They reported that patients with their spine bent to the side of the anterior chest wall depression showed improvement in scoliosis after the Nuss operation [9] . Therefore, we hypothesized that scoliosis would improve if asymmetry of the anterior chest wall was corrected, especially in certain cases. However, although we successfully corrected the asymmetry of pectus excavatum, evidenced by the improved sternal tilt degree in most of the cases (Table 1) , our results showed that the preoperative severity of asymmetry or the degree of asymmetry correction in pectus excavatum patients had no significant correlation with the postoperative change in scoliosis (r = -0.004, P = 0.641). Moreover, unlike the results of Nagasao et al. [9] , the asymmetric patterns of pectus excavatum and scoliosis did not show any specific response patterns after Nuss operation. Instead, regardless of the patterns of asymmetry, most of the mild scoliosis improved after the Nuss operation, while most of the moderate scoliosis were exacerbated after the Nuss operation as shown in Table 4 . We also hypothesized that the severity of pectus excavatum and scoliosis may be related, considering that both are deformities of the chest wall cavity and that rib cage deformity was reported to result in progressive scoliosis [16] . Therefore, by correcting the pectus excavatum, we expected to obtain a positive effect on the status of scoliosis. However, a significant but weak positive correlation was noted between these two preoperative factors (r = 0.320, P = 0.011), and there was no significant correlation between the degree of correction of pectus excavatum and the postoperative change in scoliosis (r 2 = 0.120, P = 0.720). These results seem to indicate that elevation of the depressed anterior chest wall or neutralization of the asymmetry of pectus excavatum does not have a meaningful positive or negative influence on pre-existing scoliosis. Further studies dealing with the different types of asymmetric pectus excavatum may be of interest in the future.
There are some limitations in this study. First, because of its retrospective nature, reliance on data based on medical reviews and small sample size, caution is required while interpreting the results. Second, the Cobb angle used in this study for determining the severity of scoliosis, which is a two-dimensional parameter determined through radiologic findings, may not be sufficient to explain the exact status of scoliosis that involves a complex three-dimensional torsional deformity of the spine [17] [18] [19] . Therefore, in order to obtain a more thorough explanation about the relationship between the deformities of the anterior chest wall and the spine, further study involving more specific parameters regarding the scoliosis pattern and severity is necessary in the future. Finally, although many issues are still unclarified, the effect of the natural progression of scoliosis when interpreting our results cannot be overlooked. Charles et al. reported that scoliosis with a Cobb angle >30 in pubertal growth tends to progress more evidently and rapidly than those with Cobb angles <30 [20] . Weinstein et al. reported that spinal curves <30
at skeletal maturity tended not to progress regardless of curve pattern and that curves between 50 and 75 at skeletal maturity progressed the most [21] . Tan et al. reported that curve magnitude at first presentation was the most important predictive factor for curve progression and that an initial Cobb angle of 25 or more tended to progress to a final Cobb angle of 30 or more [22] . In most of the studies regarding the natural progression of scoliosis, the initial curve of the spine was one of the most predictive factors for the later progression of scoliosis [20] [21] [22] [23] . Therefore, one may assume that our results may only be the results of the natural progression of pre-existing scoliosis. However, unlike the results from the previous reports, the Cobb angles in our data were rather smaller, and only 3 cases had a preoperative Cobb angle >25
. In the other 60 cases, the preoperative Cobb angles were <25
. The mean preoperative Cobb angle in our study was 14.56 , and even in the 'moderate scoliosis' group, this value was 17.86 . This helps exclude in some measure the possibility that our results may only be the product of the natural progression of scoliosis according to previous reports.
Considering the above-mentioned limitations, our results should be interpreted carefully. However, this is the first study to analyse postoperative changes in scoliosis after chest wall correction regarding pectus excavatum and scoliosis. The information gained by understanding the possible correlation between anterior chest wall correction and scoliosis may enable the physician to administer a better and more thorough treatment preoperatively by consulting the orthopaedist when deciding to perform a chest wall correction for the patient with pectus excavatum and concomitant scoliosis. In addition, the physician may be able to better inform the patient on the prognosis of scoliosis after chest wall correction.
In conclusion, pectus excavatum repair using a pectus bar may have varying effects on scoliosis according to the degree of preexisting scoliosis. Mild scoliosis may improve after chest wall correction, but when the preoperative Cobb angle is >15 , scoliosis may be aggravated. Therefore, pectus excavatum with concomitant advanced scoliosis requires extra caution during repair. These preliminary results should be carefully interpreted before application in clinical practice. Further investigation on the effects of chest cage remodelling on spine dynamics seems necessary. 
